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Binocular rivalry refers to the alternating perception that occurs when the two eyes are presented with incompatible stimuli: one
monocular image is seen exclusively for several seconds before disappearing as the other image comes into view. The unseen stimulus
is physically present but is not perceived because the sensory signals it elicits are suppressed. The neural site of this binocular rivalry
suppression is a source of continuing controversy. We psychophysically tested human subjects, using test probes designed to se-
lectively activate the visual system at a variety of processing stages. The results, which apply to both form and motion judgements,
show that the sensitivity loss during suppression increases as the subjects task becomes more sophisticated. We conclude that
binocular rivalry suppression is present at a number of stages along two visual cortical pathways, and that suppression deepens as
the visual signal progresses along these pathways.
 2003 Elsevier Ltd. All rights reserved.
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Binocular rivalry has fascinated observers of visual
function for more than a century. At least part of the
fascination results from the stark perceptual alternations
that occur despite a constant stimulus. The cycle be-
tween dominance and suppression of a monocular
stimulus led to the idea (Fox & Rasche, 1969) that
binocular rivalry could be the result of reciprocal inhi-
bition between monocular channels, such as those in
primary visual cortex. Strong support for this idea
comes from psychophysical (Blake, Westendorf, &
Overton, 1980; Nguyen, Freeman, & Wenderoth, 2001)
and magnetic resonance imaging (Polonsky, Blake,
Braun, & Heeger, 2000; Tong & Engel, 2001) studies. On
the other hand, there is also psychophysical (Kovacs,
Papathomas, Yang, & Feher, 1996; Logothetis, Leo-
pold, & Sheinberg, 1996), physiological (Sengpiel &
Blakemore, 1994; Sheinberg & Logothetis, 1997), and
imaging (Tong, Nakayama, Vaughan, & Kanwisher,
1998), evidence for rivalrous processes involving bin-* Corresponding author.
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The conﬂict between these two sets of results has not
been adequately resolved.
Another puzzle about binocular rivalry concerns the
depth of suppression. When a test stimulus is delivered
to an eye during its suppression phase, contrast sensi-
tivity is reduced by a factor of about two relative to its
value during dominance (Blake & Camisa, 1979; Mak-
ous & Sanders, 1978; Nguyen et al., 2001). This mild
sensitivity loss is diﬃcult to reconcile with the total
perceptual loss, whereby all trace of the suppressed
stimulus disappears: a typical rivalry-inducing stimulus
would have to be reduced in contrast by a factor much
greater than two to render it invisible during non-
rivalrous viewing.
We sought to resolve these puzzles by measuring
suppression depth with both simple and complex visual
tasks. Our rationale is as follows. The suppressive state
can be quantiﬁed by delivering a brief test stimulus to
one eye when its conditioning stimulus is either domi-
nant or suppressed, and comparing the subjects sensi-
tivity in these two cases. A simple task, such as detecting
a contrast change, presumably depends heavily on the
responses of monocular cells in primary visual cortex,
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to dominance should indicate suppressive losses early in
the visual pathway. A more complex task, such as the
discrimination of one spatial form from another, should
reveal suppressive losses at later stages, such as areas V4
or IT, that are specialised for subtle form discrimina-
tions (Gallant, Braun, & Van Essen, 1993; Schwartz,
Desimone, Albright, & Gross, 1983; Tanaka, Saito,
Fukada, & Moriya, 1991).2. Methods
2.1. Subjects
Seven human subjects were used. They had normal or
corrected-to-normal visual acuity and stereoacuity, and
their ages ranged from 24 to 36. All experiments used at
least two subjects who were na€ıve as to the aims and
results of the experiment.2.2. Form stimuli
Lobed circles, as illustrated in Fig. 1a, were generated
using the methods of Wilkinson, Wilson, and Habak
(1998). Luminance along any radial cross-section
equalled the fourth derivative of a Gaussian function of
distance from the circles centre. The base radius of the
circle was r0 ¼ 0:65, and the Gaussian functions stan-
dard deviation was 15% of this value. Peak luminance
was twice background luminance. To generate the lobes,
the radius was varied sinusoidally with distance around
the circumference of the circle. The number of cycles
in the sinusoid varied from 0 (no distortion) to 4 (giving
4 lobes). The amplitude of the sinusoid was r0=4 and 0
for the left-eye and right-eye conditioning stimuli, re-
spectively. For the test stimuli, the upper and lower
sections each comprised half a lobed circle, the sinu-
soids amplitude was a variable fraction of r0, its phase
was randomly drawn from a rectangular distribution
with a range of 360, and the two sections had the same
sinusoidal amplitude but diﬀerent frequencies. The one
exception to these rules was the case labelled 0, amp.
ﬁxed, for which the radius of the undistorted semi-circle
was ﬁxed at r0.2.3. Motion stimuli
The spirals used as motion stimuli were Archimedean
(the radius of an arm was proportional to its azimuth)
and ﬁve-armed, as shown in Fig. 2a. Luminance varied
sinusoidally with distance along any radius, with a
contrast of 30%. The diameter of the complete pattern
was 1, and spirals rotated at 0.56 revolutions/s. Stimuli
intermediate between spirals and gratings were gener-ated by shifting the spiral centre away from the centre of
the viewing aperture. The pitch of the spiral was set so
that 5 cycles were visible and the drift rate was 2.8 Hz,
regardless of the spiral oﬀset.2.4. Psychophysical procedure
The left-eye view was displayed on the left half of a
computer monitor, and the right-eye view on the other
half. Subjects observed stimuli through a stereoscope,
the two views were separated using front-surfaced mir-
rors and a septum in front of the monitor, and subjects
aligned the two views by adjusting the stereoscope arms.
Fusion was assisted with corresponding black surrounds
around each monocular stimulus. A trial started with
the presentation of the conditioning stimulus, inducing
binocular rivalry. The subject waited for either domi-
nance or suppression of the right eyes stimulus, and
then triggered a test stimulus. In the case of form
stimuli, the test stimulus replaced the right eyes condi-
tioning stimulus for 100 ms and the original condition-
ing stimulus was then restored. One semicircle was
two-lobed, and subjects indicated whether this semicircle
appeared in the upper or lower position. In the case of
motion stimuli, the test stimulus was a speed change.
The change was produced by multiplying (or dividing,
for speed decrements) the rotation rate of the stimulus
by a raised Gaussian temporal proﬁle with a standard
deviation of 20 ms. Thus speed smoothly ramped up and
down (or vice versa), and subjects indicated whether the
change was an increment or decrement. In both exper-
iments, the subjects response to the test initiated the
next trial. Test stimulus amplitude was varied from trial
to trial using a Quest procedure (Watson & Pelli, 1983)
to obtain 75% correct discrimination. Each run con-
sisted of 25–40 trials, and the threshold was obtained by
averaging the results of at least four runs.2.5. Separation of dominance and suppression thresholds
Psychometric functions varied little in shape when
plotted against the logarithm of the threshold variable.
The separation of dominance and suppression thresholds
was therefore analysed in this logarithmic domain. The
uncertainty of each threshold was determined with a
bootstrap procedure: points on the psychometric func-
tion were resampled 500 times, a cumulative Gaussian
distribution was ﬁtted to each resampled function, and a
standard deviation calculated for the distribution means.
The separation of dominance and suppression thresholds
was calculated as their diﬀerence divided by the square
root of their summed variances. Assuming that each
threshold is Gaussian-distributed, the 5% signiﬁcance
level of the ratio is 1.64.
Fig. 2. This ﬁgure shows the stimuli used to induce binocular rivalry
suppression in motion judgements. (a) Shows the stimuli used to in-
duce binocular rivalry. The spirals presented to the left and right eyes
were of opposite handedness and rotation direction to maximise ri-
valry. Gratings were generated by shifting the spiral centre away from
the middle of the viewing aperture. The numbers to the right of the
stimuli indicate the centres oﬀset divided by the radius of the viewing
aperture. With inﬁnite oﬀset, the spirals become gratings. (b) The
horizontal axis gives spiral oﬀset. The vertical axis shows the speed
change threshold during dominance (open symbols) and suppression
(ﬁlled symbols) phases of the tested eye. (c) The vertical axis shows the
threshold during dominance divided by that during suppression.
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The stimuli used in the ﬁrst experiment were lobed
circles (Wilkinson et al., 1998), as shown in Fig. 1a. The
conditioning stimulus consisted of a four-lobed circle
presented to the left eye and an undistorted circle to the
right. During the resulting rivalry, the subject triggered a
brief test stimulus to the right eye during either its dom-
inance or suppression phase. The test consisted of two
abutting semicircles, one with two lobes and the other
with fewer lobes. The semicircle with two lobes could
appear either above or below the midline, and the sub-
jects task was to decide where it appeared. Lobe ampli-
tude was adjusted to obtain 75% correct performance.
Fig. 1b shows the results. The horizontal axis gives
the number of lobes in the semicircle with fewer lobes.
Open symbols show threshold amplitude when the
conditioning stimulus to the tested eye was dominant,
and ﬁlled symbols show the amplitude during suppres-
sion. For both conditions, the subjects task becomes
more diﬃcult as the two semicircles become more alike,
as shown by the higher thresholds at the right side of the
graph. More importantly, the gap between dominance
and suppression thresholds increases from left to right.
This is shown more directly in part c of the ﬁgure, where
the vertical axis shows the threshold during dominanceFig. 1. Binocular rivalry suppression in form judgements. (a) The
stimuli were circles distorted by 0–4 lobes. The conditioning stimulus,
used to induce binocular rivalry, is shown at the top of the ﬁgure. The
test stimulus was used to determine visual sensitivity during dominance
or suppression, and the ﬁve types of test stimulus are shown below the
conditioning stimulus. One semicircle in the test stimulus had two
lobes, and the number of lobes in the other semicircle is indicated. The
special case labelled 0, amp. ﬁxed indicates that the undistorted semi-
circles amplitude was not varied. (b) The horizontal axis gives the
number of lobes in the semicircle with fewer lobes. The vertical axis
shows the threshold lobe amplitude when the tested eyes conditioning
stimulus was dominant or suppressed, shown by open and ﬁlled
symbols, respectively. (c) The vertical axis shows the threshold during
dominance divided by that during suppression, and the dashed line
indicates an absence of suppression. Suppression depth increases as the
form judgement becomes more complex.
Suppression deepens as the stimulus changes from a drifting grating to
a more complex rotating spiral.divided by that during suppression. The gap between the
dashed line and the data therefore shows the depth of
suppression, which increases with task diﬃculty.
It is of interest to note here the subjects verbal re-
ports on these stimuli. The subjects expressed frustration
that when the more diﬃcult test stimuli were presented
during suppression, they knew that the visual image had
changed but had very few clues about the nature of the
change. They made no such complaints when the sim-
pler test stimuli were delivered. Their lack of informa-
tion in the former case corresponds with the deeper
suppression measured in that case.
We interpret the threshold changes as follows. When
the variable number of lobes is 0 and the amplitude of
the undistorted semicircle is ﬁxed (the special case la-
belled 0, amp. ﬁxed) the judgement consists of deciding
in which half of the right eyes view there was a contrast
change. This is a judgement that could presumably be
based on activity in primary visual cortex. The slight
loss of sensitivity during suppression therefore indicates
a moderate degree of suppression early in the cortical
visual pathway. When the two semicircles are similar,
however, a more complex form judgement is required.
Discrimination between lobed circles depends on global
form rather than local features (Hess, Wang, & Dakin,
1999): the judgements represented at the right end of the
axes in Fig. 1 therefore presumably require activity
Fig. 3. Separation between dominance and suppression thresholds. (a)
Psychometric functions during dominance (open symbols) and sup-
pression (ﬁlled symbols) are shown for the simplest and most complex
form-discrimination tasks. Lines indicate best-ﬁtting cumulative-
Gaussian distributions. The distributions diﬀer little in shape when
plotted against the logarithm of the stimulus variable. (b) The hori-
zontal axis gives the type of task, ranging from simple to complex. The
vertical axis shows the diﬀerence between dominance and suppression
thresholds, divided by the standard deviation of the diﬀerence. Data
from both the form and speed discrimination tasks are shown. The
dashed line shows the 5% signiﬁcance level: the separation between
dominance and suppression thresholds increases in signiﬁcance with
task complexity.
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dicate deeper suppression at these later stages in the
visual pathway.
To test the generality of this interpretation we con-
ducted further experiments using motion stimuli. The
reason for this choice is that visual processes in the
cortex are thought to be organised into two parallel
streams known as the form and motion pathways,
respectively. If, as we propose, suppression depth
increases as form stimuli become more complex and
activate higher areas in the form pathway, a similar re-
sult might be expected in the motion pathway.
The stimuli used are shown in Fig. 2a. They consisted
of spirals whose centres were oﬀset by varying distances
from the viewing aperture. As the oﬀset increased, the
arms of the spiral approached parallelism until, at an
inﬁnite oﬀset, the viewing aperture contained gratings.
The spirals presented to the two eyes were rotated in
opposite directions, and oﬀset in orthogonal directions,
so as to provide robust binocular rivalry at each oﬀset.
The test stimulus, delivered to one eye during either its
suppression or dominance phase, consisted of an incre-
ment or decrement in rotation rate. The subjects task
was to decide whether the speed change was an increase
or decrease, and the magnitude of the change was ad-
justed to yield 75% correct performance.
The results are shown in Fig. 2b. During dominance
the threshold is independent of spiral oﬀset, but rises
markedly with oﬀset during suppression. The ratio of
the two thresholds, shown in part c of the ﬁgure, indi-
cates that suppression becomes substantially deeper as
the task changes from a speed discrimination in a grat-
ing to that in a rotating spiral. Our interpretation of this
result follows the same lines as before. Activity in pri-
mary visual cortex presumably provides most of the
neural information required for judgements of grating
speed. The shallow suppression depth measured in this
case then indicates a correspondingly small suppression
eﬀect in primary cortex. Speed judgements in rotating
spirals, on the other hand, are likely to be based on the
global stimulus (Cavanagh & Favreau, 1980) and to
require the involvement of cells in higher visual cortex
such as MST (Graziano, Andersen, & Snowden, 1994).
These results, then, are again consistent with deeper
suppression in higher visual cortex.
The conclusions drawn thus far are subject to two
caveats. First, while the results in Figs. 1 and 2 appear
to be very similar, the plotted quantities are diﬀerent.
Second, no mention of response variability has so far
been made. We further analysed the data to address
these issues by calculating psychometric functions for
the data already described. Sample functions, which plot
the probability of a correct response against the stimulus
variable, are shown in Fig. 3a. The signiﬁcance of the
separation between suppression and dominance func-
tions was calculated by ﬁnding each functions threshold(the value of the stimulus variable yielding 75% correct
detection), and dividing the diﬀerence of thresholds by
its standard deviation. This ratio, a z-score, is shown in
Fig. 3b versus task complexity. The dashed line gives the
z-score that is statistically signiﬁcant at the 5% level. It
can be seen that the diﬀerence between dominance and
suppression increases with task complexity in much the
same way for the form and motion tasks. Further, the
signiﬁcance of the diﬀerence increases with task com-
plexity.4. Discussion
We have interpreted our results in terms of deepening
suppression along the visual pathways. Are there other
interpretations? One possibility concerns piecemeal ri-
valry: under some circumstances, the left eyes stimulus
is seen at some parts of the visual ﬁeld and the right eyes
stimulus at others. Perhaps the judgements that depend
on global perception of the stimulus are disrupted by
piecemeal rivalry and therefore result in higher thresh-
olds. There are several arguments against this explana-
tion:
• the subjects were instructed to trigger a test stimulus
only when one monocular stimulus was fully visible,
and the fellow stimulus invisible.
• the test stimuli were small (at most 1.3 in diameter)
and therefore little aﬀected by piecemeal rivalry
(Blake, OShea, & Mueller, 1992).
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thresholds and suppression thresholds, reducing its
eﬀect on their ratio.
Another possibility is that suppression depth depends
only on the conditioning stimulus, and is independent
of the type of test stimulus. In the motion experiment,
for example, changing the conditioning stimulus from
drifting gratings to rotating spirals could increase sup-
pression depth; any test stimulus would then reveal the
greater depth. The counter-argument to this idea lies in
the form experiment. This used the same conditioning
stimulus in all cases, so that the recorded depth must
depend on the type of test stimulus.
A third possibility involves masking. In the form
experiment, the discrimination was increased in diﬃ-
culty by making one test semi-circle more like the left-
eyes conditioning stimulus. Could deeper suppression
have been due to increased masking of the test stimulus
by the conditioning stimulus? Again, there are counter-
arguments. First, if masking were a factor, it would have
been present during both dominance and suppression
and its inﬂuence largely or completely removed by tak-
ing the ratio of the thresholds in these two states. Sec-
ond, masking is unlikely to be a factor in the motion
experiment. The test stimulus in that case, a change in
speed, makes the test less like the conditioning stimulus
and therefore less susceptible to masking.
We therefore return to our original interpretation of
the results: increasingly complex psychophysical tasks,
requiring higher cortex in the form or motion pathways,
elicit deeper rivalry suppression. While this link between
behavioural threshold and neural activity requires a
number of assumptions, it ﬁts with neurophysiological
recordings from awake monkeys experiencing binocular
rivalry. The correlation between the monkeys alternat-
ing perceptual states and activity in brain areas re-
sponding to the rivalrous stimuli increases as recordings
are made further along the visual pathways (Sheinberg
& Logothetis, 1997). While activity in V1 is poorly
correlated with perceptual state, the correlations in area
MT are stronger, and activity in inferior temporal cortex
is highly correlated with perception. Our results there-
fore ﬁt well with the growing consensus (Blake & Lo-
gothetis, 2002) that binocular rivalry suppression is a
distributed property in visual cortex.
Our observations also help to resolve the puzzling dis-
crepancy, noted above, between the small sensitivity loss
and large perceptual loss in binocular rivalry. The contrast
sensitivity of an eye during suppression is typically half of
that during dominance (Blake & Camisa, 1979;Makous &
Sanders, 1978; Nguyen et al., 2001). We ﬁnd corre-
spondingly small suppression depths when subjects are
required to make a relatively simple judgement (left side of
Figs. 1c and 2c). In contrast, stimuli and tasks requiring
more sophisticated neural machinery (right side of theﬁgures) produce greater depths of suppression that cor-
relate more closely with the subjects perception.
We have previously described a model that shows
how binocular rivalry suppression can build up as ac-
tivity progresses along a visual pathway (Freeman &
Morley, 1997; Nguyen et al., 2001). The model assumes
mutual inhibition between cell populations selective for
opposing stimulus features. The inhibition occurs not
just at one stage in the pathway, as required by previous
models (Lehky, 1988; Sugie, 1982), but at successive
stages. The suppressive eﬀect therefore ampliﬁes from
stage to stage. It remains to be seen whether neuro-
physiological studies will support this proposed mech-
anism for an increasing suppression depth.References
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